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and a longer mitochondrial isoform initiated at two upstream in-frame ACG codons, i.e. ACG ؊25 and ACG ؊24 . These two ACG codons function redundantly in initiation of translation. Either codon can function in the absence of the other. The short transcript appears to serve as the template for the cytoplasmic form, whereas the longer transcripts are likely to code for both isoforms via alternative initiation. Because yeast ribosomes in general cannot efficiently recognize a non-AUG initiator, this unique feature of redundancy of non-AUG initiators in a single mRNA may in itself represent a novel paradigm for translation initiation from poor initiators.
Typically there are 20 aminoacyl-tRNA synthetases in prokaryotes, one for each amino acid (1) (2) (3) (4) . In eukaryotes, protein synthesis occurs not only in the cytoplasm but also in organelles such as mitochondria and chloroplasts (5) . Compartmentalization of the protein synthesis machinery within the cytoplasm and organelles of eukaryotes leads to isoaccepting tRNA species that are distinguished by nucleotide sequence, subcellular location, and enzyme specificity. Thus, eukaryotes such as yeast commonly have two genes that encode distinct sets of proteins for each aminoacylation activity, one localized to the cytoplasm and the other to the mitochondria. Each set aminoacylates the isoaccepting tRNAs within its respective cell compartment and is sequestered from isoacceptors found in other compartments. Except for some algae, all aminoacyltRNA synthetases are encoded by nuclear genes regardless of the cell compartments to which they are confined.
In contrast to most known tRNA synthetases, two Saccharomyces cerevisiae genes, HTS1 (the gene encoding histidyltRNA synthetase) (6) and VAS1 (the gene encoding valyl-tRNA synthetase) (7), specify both the mitochondrial and cytosolic forms. Each of these genes encodes mRNAs with distinct 5Ј-ends. These mRNAs have two alternative in-frame initiation codons. The mitochondrial form of the enzyme is translated from the first AUG on the "long" message, whereas the cytosolic form is translated from the second in-frame AUG on the "short" message. As a consequence, the mitochondrial enzymes have the same polypeptide sequences as their cytosolic counterparts, except for a short amino-terminal mitochondrial targeting sequence. The transit peptide is subsequently cleaved away upon import into the mitochondria. Because the two isozymes are targeted to different compartments, the two isoforms of valyltRNA synthetase, for example, cannot substitute for each other in vivo (7) . A similar scenario has been observed for the genes that encode the mitochondrial and cytoplasmic forms of Arabidopsis thaliana alanyl-tRNA synthetase (AlaRS), 1 threonyltRNA synthetase, and valyl-tRNA synthetase (8) .
Previous studies on CYC1 (9) and HIS4 (10) in S. cerevisiae suggested that AUG is the only codon recognized as the translational initiator and that the AUG codon nearest to the 5Ј-end of mRNA serves as the start site for translation. If the first AUG codon is mutated, then initiation can begin at the next available AUG from the 5Ј-end of the message. The same rules appear to apply to virtually all eukaryotes. However, there are many examples in higher eukaryotes where cellular and viral mRNAs can initiate from "non-AUG" codons that differ from AUG by just one nucleotide (11) . The relatively weak basepairing between a non-AUG codon and the anticodon of initiator tRNA appears to be compensated for by interactions with nearby nucleotides, in particular a purine (A or G) in position Ϫ3 and a G in position ϩ4 (12) . Likewise, mutations in the sequence surrounding the first AUG can lead to its inefficient utilization as initiator and subsequent use of an AUG at a downstream location. In addition to sequence context, a stable hairpin structure located 12-15 nucleotides downstream from the initiator can also facilitate recognition of a non-AUG codon by the 40 S ribosomal subunit (13) . In contrast, there seems to be little effect from sequence context in yeast (14) , and consequently, yeast cannot efficiently use non-AUG codons as the translation start site (15) . So far only two yeast genes, GRS1 (one of the two glycyl-tRNA synthetase genes in S. cerevisiae) (16) and CARP2A (the only gene coding for acidic ribosomal protein P2A in Candida albicans) (17) , have been reported to use naturally occurring non-AUG triplets as translation initiators.
Although there are two homologous glycyl-tRNA synthetase genes, GRS1 and GRS2, in the yeast S. cerevisiae, only one, i.e. GRS1, is functional and provides both cytoplasmic and mitochondrial aminoacylation activities, whereas the other, i.e. GRS2, appears to be dispensable for growth (18) . Further studies by site-specific mutagenesis demonstrated that the cytoplasmic and mitochondrial glycyl-tRNA synthetase activities are in effect provided by two protein isoforms with distinct amino termini. A short form that is responsible for the cytoplasmic activity is translationally initiated from a classical AUG initiator, whereas a longer isoform that is responsible for the mitochondrial activity is initiated from an upstream inframe UUG codon (16) . These two isoforms function exclusively in their respective compartments and, thus, cannot substitute for each other under normal conditions. Because to date examples of native non-AUG initiation are still rare in low eukaryotes, we wondered whether GRS1 is just an exception in the yeast or if there are more examples elsewhere in the genome. Furthermore, the regulatory mechanism that enables non-AUG initiation to occur naturally in yeast remains elusive. To shed light on the control mechanism and advance our knowledge on the functional diversity of a single gene, we searched the yeast genome for genes that need to provide activities in two distinct subcellular compartments but do not have alternative AUG codons in the appropriate positions. We noted ALA1 (19) , the only gene coding for alanyl-tRNA synthetase (AlaRS) in the yeast genome, as a promising candidate. In the work described here we cloned the ALA1 gene in a low copy number vector and investigated its functional phenotype in relation to the mechanism of its transcriptional as well as translational control in vivo. Our experimental data suggested that ALA1 is a bifunctional gene that provides both cytoplasmic and mitochondrial activities. Further investigation showed that two distinct protein isoforms are generated from this gene through alternative transcription and translation. However, unlike the case of GRS1, where a single transcript serves as the template for synthesis of both isoforms, three overlapping transcripts with distinct 5Ј-ends are alternatively generated from this gene. Even more remarkable is the discovery that the mitochondrial form is translationally initiated from two inframe successive ACG triplets that are located 69 nucleotides upstream of the putative AUG initiator for the cytoplasmic form. Considering the fact that yeast ribosomes initiate poorly from a non-AUG triplet, we surmised that the second ACG triplet might serve as a remedial initiation site for the mitochondrial form in case of initiation failure at the first ACG.
EXPERIMENTAL PROCEDURES
Construction of Plasmids-Cloning of ALA1 from S. cerevisiae followed standard protocols. The wild-type ALA1 sequence was cloned into the low copy number yeast shuttle vector pRS315 (20) . The clone consisted of a sequence extending from 250-bp upstream of the ALA1 open reading frame to 3-bp downstream of the stop codon. Various point mutations such as M1A (ATG 1 to GCG) and I(Ϫ1)stop (ATA Ϫ1 to TAA) were subsequently introduced into the wild-type clone following standard protocols (the number Ϫ1 in I(Ϫ1)stop refers to the 1 codon triplet that precedes ATG 1 ). For Western blot analysis of non-AUG-initiated protein synthesis, the open reading frame of lexA was first amplified by PCR as a NdeIXhoI fragment and cloned into the high copy number yeast shuttle vector pADH, a derivative of pQB169 (Cubist Pharmaceuticals, Inc., Lexington, MA) with the addition of a short sequence coding for a His 6 tag immediately after the multiple cloning site. The lexA construct was subsequently used as a template for construction of various ALA1-lexA fusions. A wild-type ALA1 presequence containing base pairs Ϫ105ϳϪ1 relative to ATG 1 was amplified by PCR as a PstI-NdeI fragment and cloned in-frame into the 5Ј-end of the lexA gene, resulting in ALA1-lexA. Various sense mutations, such as T(Ϫ25)N/T(Ϫ24)S and T(Ϫ25)M, were subsequently introduced into the ALA1 presequence in the ALA1-lexA fusion, where Ϫ24 and Ϫ25 refer to the 24 and 25 codon triplets preceding ATG 1 , respectively. To inactivate the native initiator ATG 1 of lexA at the junction between the ALA1 and lexA sequences, a SpeI site (ACTAGT) was substituted for the NdeI site in the ALA1-lexA fusions, resulting in ALA1-lexA*, where the asterisk (*) denotes a mutation in ATG 1 of lexA. These lexA fusions were then transformed into TRY11 (19) and tested for their expression patterns by Western blotting using anti-LexA antibody and standard protocols. These lexA constructs were expressed under the control of a constitutive ADH promoter (21) .
Mapping the 5Ј-Ends of ALA1 Transcripts-Identification of the 5Ј-ends of ALA1 transcripts was carried out by 5Ј-rapid amplification of cDNA ends (RACE, BD Biosciences). Briefly, poly(A) ϩ RNA was isolated by an oligo(dT) cellulose column (Invitrogen), and the 5Ј-terminal sequences of ALA1 mRNAs were transcribed with reverse transcriptase into first strand cDNAs using an antisense ALA1-specific primer that was annealed to a region 660-bp downstream of the initiator ATG 1 . The first-strand cDNA products were then amplified in a touchdown PCR reaction using Pfu DNA polymerase, with a universal primer (provided by the manufacturer) annealed to the upstream region and a nested ALA1-specific primer annealed 550-bp downstream of the initiator ATG 1 . After PCR-driven amplification, the double-stranded DNA products were cloned and sequenced.
Complementation Assays for the Cytoplasmic Function of ALA1-The yeast ALA1 knockout strain TRY11 was as described (19) . This strain is maintained by a plasmid encoding AlaRS and the URA3 marker. Complementation assays for the cytoplasmic function of plasmid-borne ALA1 and derivatives were carried out by introducing a test plasmid into TRY11 and determining the ability of transformants to grow in the presence of 5-fluoroorotic acid (5-FOA). The cultures were incubated at 30°C for 3-5 days or until colonies appeared (photos for the complementation assays were taken at day 3 after incubation). The transformants evicted the maintenance plasmid with the URA3 marker in the presence of 5-FOA (19) . Thus, only an enzyme with the cytoplasmic AlaRS activity encoded by the second plasmid (with the LEU2 marker) could rescue the growth defect.
Complementation Assays for the Mitochondrial Function of ALA1-Mitochondrial AlaRS activity of constructs expressing a functional cytoplasmic AlaRS was assayed by plating the transformants on YPG (yeast extract-peptone-glycerol) after selection on 5-FOA. However, assaying mitochondrial AlaRS activity of constructs that did not encode a functional cytoplasmic AlaRS required an additional plasmid to provide the essential cytoplasmic AlaRS activity (after eviction of the original maintenance plasmid on 5-FOA plates). To be consistent, assays of mitochondrial AlaRS activity were carried out for all constructs in the same manner irrespective of their potential to function as a cytoplasmic AlaRS. For this purpose we co-transformed TRY11 with a second maintenance plasmid that expresses a functional cytoplasmic AlaRS but is defective in mitochondrial AlaRS activity. The second maintenance plasmid (with a HIS3 marker) contained ALA1 I(Ϫ1)stop cloned in pRS313 (20) .
Briefly, TRY11 was co-transformed with the test plasmid (carrying a LEU2 marker) and the second maintenance plasmid. In the presence of 5-FOA, the first maintenance plasmid (containing a URA3 marker) was evicted from the co-transformants, whereas the second maintenance plasmid was retained. Thus, all co-transformants survived 5-FOA selections due to the presence of the cytoplasmic AlaRS derived from the second maintenance plasmid. The co-transformants were further tested on YPG plates for their mitochondrial phenotypes at 30°C, with results documented at day 3 after plating. Because a yeast cell cannot survive on glycerol without functional mitochondria, the co-transformants do not grow on YPG plates unless a functional mitochondrial AlaRS is present.
Western Blot-The protein expression patterns of the ALA1-lexA fusions were determined by a chemiluminescence-based Western blot analysis after standard protocols. The various ALA-lexA constructs were first transformed into INVSc1 (Novagen), and the transformants were subsequently grown in a selection medium without leucine. Total protein extracts were prepared from each of the transformants with a buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% SDS, 0.5% Triton X-100, 20 mM EDTA, and 2 mM phenylmethylsulfonyl fluoride. 45 g of the protein extracts were loaded onto a mini gel (size, 8 ϫ 10 cm) containing 12% polyacrylamide and electrophoresed. Alternatively, the protein extracts were resolved in a gel of standard size (size: 18 ϫ 20 cm) containing 15% polyacrylamide to enhance the resolution. After electrophoresis at 130 volts for 2ϳ6 h, the resolved proteins were transferred to a nitrocellulose membrane using a semidry blotting device. The membrane was hybridized with a horseradish peroxidaseconjugated anti-LexA antibody (Invitrogen) and then exposed to x-ray film after the addition of the appropriate substrates.
RESULTS
Transcripts of ALA1-Unlike most yeast tRNA synthetases that have two distinct nuclear genes (one coding for the cytoplasmic enzyme and the other for the mitochondrial counterpart), ALA1 is the only gene for AlaRS in the yeast genome (19) . Because we thought this gene might code for two distinct forms of the enzyme via alternative transcription and translation (as do VAS1 and HTS1), we scanned the 5Ј-terminal nucleotide sequences of ALA1 for alternative ATG codons (at the RNA level we commonly used AUG instead of ATG to describe the codon). Surprisingly, only one ATG codon, designated ATG 1 , was found at the 5Ј-end of the putative ALA1 open reading frame (Fig. 1A) . The predicted protein showed sequence similarity to AlaRSs from human (cytoplasmic form), Escherichia coli, and A. thaliana (cytoplasmic form), especially when amino-terminal regions were compared (19) . Additionally, no apparent mitochondrial targeting signals were found in the amino-terminal region of this predicted protein (Fig. 1B) , suggesting that, like other cytoplasmic AlaRSs, the ATG 1 -initiated protein is a cytoplasmic enzyme. Because the Arabidopsis gene for AlaRS codes for both the cytoplasmic and mitochondrial forms through alternative use of two in-frame ATG codons (22) , we decided to test if yeast instead use a non-ATG codon to initiate the translation of its mitochondrial form of AlaRS.
To determine whether two distinct forms of AlaRS were alternatively produced from ALA1, we first checked the transcription profiles of this gene in vivo. Transcription start sites and 5Ј-terminal nucleotide sequences of ALA1 transcripts were identified using 5Ј-RACE (23) . As shown in Fig. 1C , three transcripts were identified with their 5Ј-ends mapped to positions Ϫ117, Ϫ105, and Ϫ54, respectively, relative to the A of ATG 1 (Fig. 1C) . Among the 3 transcripts, the longer two extended upstream of TAA Ϫ28 (nucleotides Ϫ84 to Ϫ82) and were considered to be the likely templates for the mitochondrial form. In contrast, the 5Ј-end of the short one mapped between TAA Ϫ28 and ATG 1 and was considered to be the likely template for the cytoplasmic form. In addition, sequences of the cDNAs (ϳ600 bp determined) were identical to those of the genomic DNA (data not shown). Thus, alternative splicing at the 5Ј-end of ALA1 mRNAs and translation initiation from an AUG codon spliced from far were ruled out.
Alternative Translation of ALA1-If the two forms of AlaRS were initiated at two distinct initiation sites, then a missense mutation at one initiator should impair synthesis (and function) of one form but not the other, whereas a nonsense mutation placed between the two sites should only affect synthesis of the protein from the upstream initiator. To test this hypothesis a missense mutation of Met 1 to Ala (ATG 1 to GCG) and a nonsense mutation of Ile Ϫ1 to a stop codon (ATA Ϫ1 to TAA) were introduced into separate ALA1 constructs and assayed for their effect on complementation of a yeast strain (TRY11) bearing a ⌬ALA1 mutation. As shown in Fig. 2 , A-C, wild-type ALA1 encoded both cytoplasmic and mitochondrial AlaRS activities. When ATG 1 was mutated to GCG to give ALA1 M1A , colony-forming ability was lost on FOA (Fig. 2B) . This mutant retained the mitochondrial function, as shown by the rescue of TRY11 growth on YPG (Fig. 2C) . This observation suggested that ATG 1 serves as the translation initiator for the cytoplasmic but not the mitochondrial form. In contrast, when ATA Ϫ1 was mutated to TAA, the resultant mutant (ALA1 I(Ϫ1)stop ) lost its mitochondrial (Fig. 2C) but not cytoplasmic function (Fig.  2B) . Thus, translation of the mitochondrial form was initiated at a site upstream of ATA Ϫ1 . Non-AUG Initiation-Because no alternative in-frame ATG codons are located between TAA Ϫ28 and ATG 1 (Fig. 1A) , the possibility that a non-ATG codon differing from ATG by a single nucleotide serves as the translation initiator for the mitochondrial form was investigated. (Fig. 1A) . To determine whether any of these could serve as the translation initiator for the mitochondrial form, a mutational analysis mapped the approximate location of the putative initiator codon. As summarized in Fig. 3A , a nonsense mutation at AAG Ϫ26 (resulting in ALA1 K(Ϫ26)stop ) had little effect on the mitochondrial activity of ALA1, whereas a nonsense mutation at TTG Ϫ16 (resulting in ALA1 L(Ϫ16)stop ) impaired mitochondrial activity. Neither mutation affected the cytoplasmic function of ALA1 (Fig. 3B) . These results suggested that the translation initiator for the mitochondrial AlaRS was located somewhere between AAG Ϫ26 and TTG Ϫ16 . Mutations at AGG Ϫ18 (resulting in ALA1 R(Ϫ18)R and ACG Ϫ24 (resulting in ALA1 T(Ϫ24)S ) had little effect on the mitochondrial activity, i.e. transformants formed colonies after ϳ2-3 days of growth on the YPG plate (Fig. 3C) . In contrast, a mutation at ACG Ϫ25 (resulting in ALA1 T(Ϫ25)N ) significantly compromised mitochondrial activity, i.e. transformants did not appear until after ϳ3-4 days of incubation on the YPG plate (Fig. 3C ) and remained small even after 5 days of growth (data not shown). None of these mutations in the ALA1 presequence affected the cytoplasmic function of ALA1 (Fig. 3B) .
Because mutation at ACG Ϫ25 did not completely abolish the mitochondrial activity of ALA1, the possibility of a remedial initiator located within the region between AAG Ϫ26 and TTG Ϫ16 was further investigated. An obvious candidate was ACG Ϫ24 , because this codon triplet has the same nucleotide sequence as ACG Ϫ25 . A double mutation of these tandem non-ATG codons gave ALA1 T(Ϫ25)N/T(Ϫ24)S . This construct was devoid of mitochondrial AlaRS activity, i.e. transformants did not grow after 3 days of incubation on the YPG plate (Fig. 3C) . To check if the double mutation caused deleterious change in secondary structure of ALA1 mRNAs, an ATG codon was subsequently inserted between AAG Ϫ26 and the double mutation site and assayed for its effect on complementation. As expected, the inserted ATG codon restored the complementation activity of the double mutant (data not shown). In addition, when ACG Ϫ25 was mutated to a canonical initiator ATG, the resultant mutant ALA1 T(Ϫ25)M retained both functions (Fig. 3) . Furthermore, an RT-PCR experiment showed that wt ALA1 and ALA1 T(Ϫ25)N/T(Ϫ24)S expressed a similar level of RNA (Fig. 3D ), suggesting that it is the initiator activity and not RNA stability that was damaged by the T(Ϫ25)N/T(Ϫ24)S double mutation.
These results demonstrate that ACG Ϫ25 and ACG Ϫ24 function redundantly. Either triplet can initiate translation of the mitochondrial form of AlaRS in the absence of the other (see ALA1 T(Ϫ25)N and ALA1 T(Ϫ24)S in Fig. 3C ). Nevertheless, ACG Ϫ25 appeared to play a predominant role in initiation (mutation at this codon severely reduced growth of the transformants on YPG medium, whereas mutation at the second (ACG Ϫ24 ) had no detectable phenotype). Thus, the first of the two ACG codons is the more robust.
Western Blot Analysis of Non-AUG-initiated Protein Translation-Because the cytoplasmic and mitochondrial isoforms are similar in size (107 versus 110 kDa) it is difficult to distinguish between the two by Western blots, especially after the processing of the mitochondrial precursors by mitochondrial matrix-processing peptidase. To demonstrate the initiating ability of the redundant ACG codons, various ALA1 presequences (containing base pairs Ϫ105 to Ϫ1 relative to ATG 1 ) were fused in-frame to the 5Ј-end of a smaller gene, lexA, and the expression patterns of the resultant ALA1-lexA fusions were determined by a chemiluminescence-based Western blot analysis using anti-LexA antibody (Fig. 4 ) (these fusions each contain an in-frame ATG triplet at the junction between the ALA1 and lexA sequences and were expressed under the control of a constitutive ADH promoter (21)). As shown in Fig. 4 , the native LexA protein produced from the lexA construct was specifically recognized by anti-LexA antibody (lane 1 in Fig.  4B ). When the wild-type ALA1 presequence was fused to lexA (resulting in ALA1-lexA), an additional protein that is slightly larger and less abundant than LexA was found to cross-react with the anti-LexA antibody (lane 2 in Fig. 4B ). To investigate T(Ϫ25)N/T(Ϫ24)S . As an internal control, the relative amounts of actin-specific mRNA in each sample were also determined. Cyt, cytoplasmic; Mit, mitochondrial.
whether this putative LexA fusion protein was indeed initiated at the redundant ACG codons in the ALA1 presequence, a double mutation was introduced at these sites and assayed for its effect on expression of the LexA fusion. As expected, inactivation of the ACG initiators (resulting in ALA1 T(Ϫ25)N/T(Ϫ24)S -lexA) impaired the expression of the LexA fusion but not LexA (lane 3 in Fig. 4B) . Thus, the larger protein was initiated from the ACG codons. Furthermore, when ACG Ϫ25 was mutated to ATG, the resultant mutant ALA1 T(Ϫ25)M -lexA expressed more LexA fusion protein than did the ALA1-lexA construct, probably because of the higher efficiency of ATG initiation (lane 4 in Fig. 4B ). To verify that differences in the levels of protein expression were a direct consequence of changes in the translation initiation activity rather than in the RNA stability, the relative amounts of specific ALA1-lexA mRNA generated from each of these constructs were analyzed by RT-PCR using a set of primers complementary to Ϫ90 to Ϫ70 bp of ALA1 and ϩ370 to ϩ390 bp of lexA, respectively. As shown in Fig. 4C , point mutations such as T(Ϫ25)N/T(Ϫ24)S and T(Ϫ25)M had little effect on the relative levels of the specific ALA1-lexA mRNA, suggesting that it is the initiator activity and not RNA stability that was sabotaged by the specific mutations. Note that because the lexA construct itself does not contain the ALA1 presequence, no cDNA was amplified by the primers used (lane 1 in Fig. 4C ).
The question arose as to why the redundant ACG triplets and not other non-AUG codons were recognized by the ribosomes as the translation start sites for the mitochondrial precursor. We suspected that, perhaps like the cases in higher eukaryotes (12) , recognition of the ACG initiators is modulated by a stable downstream secondary structure. Indeed, analysis of the nucleotide sequences 3Ј to ACG Ϫ25 revealed a potential "pseudoknot" RNA structure, where AAGGAA (nucleotides Ϫ55ϳϪ50) paired with UUUCUU (nucleotides Ϫ41ϳϪ36) and CUUGA (nucleotides Ϫ49ϳϪ45) paired with UCAAG (nucleotides Ϫ35ϳϪ31) (Fig. 1A) . To evaluate the importance of this putative secondary structure in recognition of the upstream initiators, several point mutations (AAGGAACTTGA to ACGTCTATTAA) were introduced to destabilize the structure and tested for their effect on protein expression. Unexpectedly, these mutations compromised neither complementation activity (data not shown) nor protein expression (lane 5 in Fig. 4B ) under the conditions used. Thus, if a downstream secondary structure is important for recognition of the ACG codons, then the structural features must be subtle and distinct from what we have expected.
Potential Initiation from Cryptic Non-AUG Triplets-Because the non-AUG-initiated leader peptide is part of a transit signal, we suspected that a fraction of the AlaRS-LexA fusion might be imported into mitochondria and processed by matrix processing peptidase, leading to a leaderless protein with a size similar to LexA. To estimate more precisely the LexA fusion proteins (including both the processed and unprocessed LexA fusions), we subsequently used a larger gel (size, 18 ϫ 20 cm) with a higher percentage of polyacrylamide (15%) to enhance the resolution of the Western blots. As shown in Fig. 5 , an additional protein with a molecular mass slightly higher than that of the native LexA protein was identified by anti-LexA antibody in ALA1-lexA under the new electrophoresis conditions (the middle band in lane 2 of Fig. 5B) . Inactivation of the ACG initiators (resulting in ALA1 T(Ϫ25)N/T(Ϫ24)S -lexA) or deleting the last nucleotide from the ALA1 portion (resulting in the out-of-frame mutant ALA1 OF -lexA) simultaneously abolished the synthesis of the upper and middle bands (lanes 4 and 8 in Fig. 5B, respectively) , suggesting that these two proteins were initiated from the ACG codons, with the upper band being the unprocessed LexA fusion and the middle band being the processed LexA fusion. Consistently, when ACG Ϫ25 was mutated to ATG (resulting in ALA1 T(Ϫ24)M-lexA), the upper band was significantly increased (compare lanes 2 and 6 in Fig. 5B ) whereas the middle band remained almost constant, possibly due to saturation of the mitochondrial transport machinery. To estimate the efficiency of initiation from the ACG codons, we quantified the total proteins (upper and middle bands) initiated from the redundant ACG codons and compared them to those from an AUG codon. As shown in Fig. 5 , the efficiency of initiation from the ACG codons is around 30% compared with that from an AUG codon introduced at an equivalent position (compare lanes 2 and 6 or lanes 3 and 7 in Fig. 5B) . A more accurate estimation was obtained when various amounts of total proteins were loaded and compared (Fig. 5C) .
Having verified that the upper and middle bands were both initiated from the ACG codons, we then checked whether the lower band was really initiated from ATG 1 of lexA. To this means, the ATG initiator of lexA was mutated to AGT, a codon unsuitable for initiation, to abolish the synthesis of the native LexA protein (these constructs are referred to as the ALA1- lexA* fusions, where the asterisk (*) denotes a mutation in ATG 1 of lexA). To our surprise, inactivation of this ATG initiator reduced but did not abolish the synthesis of the lower band from the various ALA1-lexA* fusions (lanes 3, 5, and 7 in Fig.  5B ), suggesting that only a portion of the "LexA-like" protein was initiated from ATG 1 (of lexA) in the ALA1-lexA fusions, whereas the rest was initiated elsewhere. Because production of this protein band remained almost constant regardless of the presence or absence of the redundant ACG codons (compare lanes 3 and 5 in Fig. 5B ), we speculated that it was initiated from other non-AUG codons in the ALA1 presequence, such as AUA Ϫ1 . Consistent to this speculation, deletion of the last nucleotide from the ALA1 portion (resulting in the out-of-frame mutant ALA1
OF -lexA*) completely abolished the synthesis of the lower band (lane 9 in Fig. 5B ), suggesting that the lower band shown in ALA1 T(Ϫ25)N/T(Ϫ24)S -lexA* was indeed initiated from codons in the ALA1 portion. We should mention that a very minor protein band could also be detected between the upper and middle bands in ALA1-lexA* if the signal on the blots was enhanced by longer exposure (lanes 1-2 in Fig. 5C ). Production of this minor isoform persisted even in the absence of the ACG codons (data not shown). Thus, in addition to the redundant ACG initiators, other non-AUG codons in the ALA1 presequence appear to also contribute to the diversity of protein isoforms under the conditions used.
DISCUSSION
In the present work we have discovered that ALA1, the only alanyl-tRNA synthetase gene in S. cerevisiae, encodes two distinct protein isoforms by alternative use of two in-frame initiation sites. The short cytoplasmic form is initiated from AUG 1 , whereas the longer mitochondrial isoform is initiated from upstream redundant ACG triplets (Figs. 2 and 3 ). To our knowledge this is only the second example reported in the yeast, wherein naturally occurring non-AUG codons are used as translation initiators. In contrast, many examples of cellular and viral messages have been shown to use non-AUG codons such as AUU, CUG, and GUG as translation start sites (24) . In some cases non-AUG codons serve as exclusive translation initiators such as in the mRNAs for the Arabidopsis AGA-MOUS gene (25) and the latently expressed kaposin locus of Kaposi's sarcoma-associated herpesvirus (26) . However, in most cases non-AUG codons serve as alternative translation start sites that are accompanied by a downstream in-frame AUG (12) . Recognition of these weak initiators by mammalian ribosomes is often facilitated by an A/G at position Ϫ3 and a G at position ϩ4 (12) . In contrast, there appears to be little sequence context effect in yeast (27) , and consequently, yeast genes were not expected to initiate efficiently from a non-AUG codon. In this respect, our discovery of a second example of native non-AUG initiation in the yeast is particularly fascinating because it not only provides another good candidate for study of the mechanism of non-AUG initiation but also suggests that non-AUG initiation is a mechanism more widespread than previously thought. Although the redundant ACG codons were shown to be the only "functional" translation initiators for the mitochondrial precursor of AlaRS (Fig. 3) are also involved in initiation of protein synthesis. It should be noted that the Western results examined a LexA fusion protein. It is possible that the lexA sequences or structures downstream of the start codon contributed to enhanced initiation at non-AUG codons in the ALA1 leader. These alternative initiation events may not occur on the endogenous mRNA. More detailed experiments are necessary for mapping the sequences or structural elements required for efficient ACG initiation in
ALA1.
Under normal conditions the mitochondrial form of AlaRS is targeted exclusively to the mitochondria and, thus, cannot substitute for its cytoplasmic counterpart in vivo (Fig. 2) . This targeting activity depends on the presence of a 25-residue leader sequence that serves as a mitochondrial targeting signal (Figs. 2-3) . As with many classical mitochondrial targeting signals (28) , this leader peptide is rich in positively charged (16%) and hydroxylated residues (44%) but is devoid of acidic residues (Fig. 1) . Analysis of the mitochondrial form of AlaRS with the PSORTII program (29) showed a 65% likelihood of mitochondrial import. This likelihood is significantly higher than that for its cytoplasmic isoform (ϳ0%) and almost as high as that for the mitochondrial AlaRS of A. thaliana (ϳ 70%). Recent studies have discovered that certain aminoacyl-tRNA synthetases contain functions other than protein synthesis, including roles in tRNA processing, RNA splicing, RNA trafficking, apoptosis, and transcriptional regulation (30) . These non-canonical functions often take place in locations other than cytoplasm, such as mitochondria and the nucleus (31) (32) (33) , and might require additional protein domains for targeting or interaction. In this sense alternative initiation from in-frame non-AUG triplets might contribute to the multifunctional phenotype of a gene by leading to the synthesis of distinct protein isoforms with such signal peptides or additional protein interaction domains. Thus, our findings have opened a new avenue to the discovery of new open reading frames that start exclusively or alternatively from non-AUG codons and novel gene functions that might have been previously overlooked in yeast.
In eukaryotes there are a number of ways to generate more than one protein product from a single gene, one of them being "leaky scanning." In mammalian cells the small ribosomal subunit often skips a weak translation initiator, such as a non-AUG codon or an AUG codon within a suboptimal sequence context, and continues scanning downstream of the message until it encounters an AUG triplet within a more favorable sequence context. As a consequence two protein products having distinct amino termini can be alternatively generated from a single message. This process is commonly referred to as leaky scanning (24) . Although this mechanism has been observed frequently in mammals (34 -37) , there are so far only two known examples in yeast, MOD5 (coding for isopentenyl pyrophosphate:tRNA isopentenyl transferase) (38) and CCA1 (coding for ATP(CTP):tRNA nucleotidyltransferase) (39) . In these two instances leaky scanning occurs because the first AUG codon in the two genes is located too close to the 5Ј-end of the mRNA, making it inaccessible to the initiating ribosome. Because the ACG triplets of ALA1 are relatively inefficient in initiation (Fig. 5) , it is likely that both forms of AlaRS can be generated from the longer transcripts of this gene (with their 5Ј-ends at positions Ϫ117 and Ϫ105 relative to AUG 1 ) through leaky scanning. Although so far no direct evidence has been obtained to verify this hypothesis, our results indicated that the 40 S ribosomal subunit could skip the ACG triplets and initiate at a downstream non-AUG or AUG triplet (Fig. 5) . More comprehensive experiments such as "toeprinting" analysis (40) and in vitro transcription and translation are necessary to define the parameters necessary for non-AUG initiation in yeast. But regardless of the detailed interpretation, the most striking feature of the results reported here is the observation of redundancy of non-AUG initiators in a single mRNA. This redundancy is perhaps in itself a new paradigm for translation initiation from poor initiators.
